1. Introduction {#s0005}
===============

Diffusion Tensor Imaging (DTI) allows the examination of microstructural cell damage ([@bb0175]). During the course of Alzheimer\'s Disease (AD), these changes are assumed to predate the macrostructural changes that are observable using volumetric magnetic resonance imaging ([@bb0180]). Therefore, DTI measures could be used as sensitive markers of AD-related neurodegeneration and help to identify individuals with prodromal AD. Mean diffusivity (MD) reflects the average degree of diffusion of water molecules in all directions. Fractional anisotropy (FA), on the other hand, reflects directionality of diffusion. As opposed to FA that is mostly used for assessing white matter (WM) fiber tract integrity, MD may also be used to assess microstructural alterations of the brain\'s gray matter (GM). An increase of MD in GM is assumed to reflect the breakdown of microstructural barriers to diffusion which would predate volumetric changes ([@bb0180]). Therefore, GM MD could be a valuable measure of early GM cell damage in AD.

Previous studies on GM MD in AD reported increases of hippocampal MD and whole brain GM MD in subjects with mild cognitive impairment (MCI) as compared to healthy controls ([@bb0025], [@bb0045], [@bb0050], [@bb0120], [@bb0160]), as well as in MCI patients that converted to AD compared to MCI subjects that remained stable over a period of several years ([@bb0035], [@bb0055], [@bb0160], [@bb0170]). In some studies, hippocampal diffusivity even demonstrated a higher diagnostic and prognostic accuracy than hippocampal volume ([@bb0055], [@bb0085], [@bb0125]). Considering MCI a possibly prodromal phase of AD, these findings corroborate the potential utility of GM MD as an earlier biomarker than volumetric changes. However, longitudinal evidence for the assumed succession of microstructural and macrostructural GM alterations is still lacking, even though microstructural alterations have been shown to precede macrostructural changes in the white matter ([@bb0100]).

Regarding the findings on GM MD changes in MCI subjects, one needs to acknowledge that extensive hippocampus atrophy is already present in the MCI stage of AD ([@bb0165]), probably confounding the measurement of GM MD values due to partial volume effects (PVE). Partial volume effects arise when the signal within a cortical voxel does not purely represent the GM signal at this location, but is confounded by intermixing signals of surrounding cerebrospinal fluid (CSF) or WM tissue. In older people and AD patients, the probability of GM voxels to also contain CSF signal increases due to brain atrophy ([@bb0075]). Thus, given the high MD signal in CSF, PVE may lead to overestimation of differences in GM MD in patients with AD as compared to healthy controls. In this case, MD would represent the joint effect of microstructural changes and macrostructural brain atrophy. However, most of the studies using DTI data of healthy older and AD participants did not consider PVE at all ([@bb0025], [@bb0035], [@bb0045], [@bb0125]). One study stated that PVC was not necessary as the regions of interest (ROIs) were not located at the surface of the brain ([@bb0045]).

Several approaches for correcting PVE in DTI data have been proposed. [@bb0080], [@bb0090] used a dedicated DTI sequence based on fluid-attenuated inversion recovery (FLAIR) to suppress the CSF signal during data acquisition. [@bb0150], [@bb0155] recomputed the MD for each region of interest (ROI) using a customized diffusion weighted imaging sequence with multiple non-zero *b*-values and an extended model to fit the tensor. They could show that the decay of signal intensity was mono-exponential for *b*-values ≥ 680, indicating successful suppression of CSF signal after removal of b \~ 0 data. Both approaches by [@bb0080], [@bb0090] and by [@bb0150], [@bb0155] are well-grounded, but they require additional MR sequences that go beyond current clinical standards, either a FLAIR DTI sequence or a DTI sequence with more than one non-zero *b*-value. So far, three approaches were proposed for post-acquisition partial volume correction (PVC) of single-shell DTI as used in clinical practice. First, [@bb0145] proposed to exclude all voxels exceeding a certain threshold of MD (1300 × 10^− 6^ mm^2^/s). This fixed threshold, however, leads to an altered distribution of MD values ([@bb0180]). Second, [@bb0130] introduced the method of free water elimination, consisting of sub-voxel modeling of two tensors: a tissue and a CSF tensor. However, this method suffers from computational challenges that require defining regularization parameters and constraints on tensor estimates to obtain a unique solution for model fitting. Although Pasternak\'s approach has been found to reduce CSF contamination and to improve diffusion measures in white matter fiber tracts ([@bb0010], [@bb0110], [@bb0130]), a formal validation of this model is still missing. Additionally, differences of the permeability of the cell bodies in gray matter in comparison to the myelin sheets of the fiber bundles in white matter may make it necessary to adjust some of the model parameters when applying this model to gray matter ([@bb0130]). Third, [@bb0095] proposed the CSF contamination model. They found a high consistency of their PVC approach with FLAIR DTI, corroborating the validity of this post-hoc data correction procedure. [@bb0075] successfully applied this CSF contamination model to GM MD data of young and older participants and participants with AD to correct for partial volume effects. They found that PVC stronger reduced GM MD in elder and AD participants than in younger participants, but they did not examine the potential diagnostic value of corrected GM MD for AD.

The aim of the current study was to evaluate the effect of PVC on cortical and subcortical gray matter MD changes and their potential diagnostic utility in AD and MCI. Therefore, we assessed regional and voxel-wise GM MD changes in AD and MCI compared to cognitively healthy older controls (HC). To correct the MD values for PVE, we chose the CSF contamination model proposed by [@bb0095] because it can be applied on single-shell DTI data post acquisition and it was previously used for PVC of GM ([@bb0075]). We hypothesized that people with AD dementia and people with MCI would have higher MD values than matched healthy controls. Following previous literature (e.g. [@bb0050]), this effect should be most pronounced in the left hippocampus. As we assumed that MD alterations were partly confounded by increased brain atrophy in AD subjects, we expected that PVC would decrease group differences and diagnostic accuracy of MD and reduce the correlation between regional MD and volume measures.

2. Methods {#s0010}
==========

2.1. Sample {#s0015}
-----------

We included 117 subjects from the database of the German Center for Neurodegenerative Diseases in Rostock. Among those subjects, there were 39 cognitively healthy controls (HC), 39 individuals with AD and 39 subjects with MCI. The subjects were matched according to age, gender, years of education and imaging protocol, given that two different sequences were used for MRI and DTI acquisition (Table S1 of the Supplementary material). All diagnoses were made in an interdisciplinary team of an experienced neurologist, psychiatrist and neuropsychologist. Diagnosis of AD was made in accordance with the NINCDS-ADRCA criteria ([@bb0105]) and MCI was diagnosed according to the Mayo criteria ([@bb0135]).

All subjects had to fulfill the following criteria: MRI scans that passed the quality control (see [Section 2.2](#s0020){ref-type="sec"} for details), time interval between MRI and neuropsychological assessment of at maximum 3 months, no significant neurological, psychiatric or medical condition (except for MCI or AD), in particular cerebrovascular apoplexy, vascular dementia, subclinical hypothyroidism or substance abuse. Healthy controls were free of cognitive complaints and scored within one standard deviation of the age and education adjusted norm in all subtests of the Consortium to Establish a Registry of Alzheimer\'s Disease (CERAD) cognitive battery ([@bb0115]).

All subjects or their representatives had given informed consent according to the declaration of Helsinki. The study was approved by the ethics committee of the University Medical Center Rostock (HV 2009--0010).

2.2. Image acquisition {#s0020}
----------------------

All images were acquired using a 3 T scanner (SIEMENS MAGNETOM Verio). Two different protocols were used for the T1-weighted MRI and DTI sequences. Detailed imaging parameters can be found in Table S1 of the Supplementary material. Only scans were included that passed quality control by a trained expert who evaluated ghosting effects, blurring, motion and susceptibility artifacts.

2.3. Processing of MRI and DTI data {#s0025}
-----------------------------------

Deformation-based analysis of the T1-weighted scans was performed using SPM8 (Wellcome Trust Centre for Neuroimaging, London, UK, [http://www.fil.ion.ucl.ac.uk/spm/](http://www.fil.ion.ucl.ac.uk/spm){#ir0005}) implemented in Matlab 2013b (Mathworks, Natwick). First, MRI scans were segmented into GM, WM and CSF partitions using the VBM8 toolbox. Then, the images were normalized to an aging and AD-specific reference template from a previous study ([@bb0060]) using the Diffeomorphic Anatomical Registration Through Exponentiated Lie (DARTEL) algebra algorithm ([@bb0005]) with modulation for non-linear transformation components only. Finally, gray matter maps were smoothed using an 8 mm full width at half maximum (FWHM) kernel. To verify the sensitivity of our results to the choice of segmentation and normalization algorithm, we also applied an alternative segmentation and normalization algorithm on our imaging data using FSL (Version 5.0.9, FMRIB, Oxford, UK, [http://www.fmrib.ox.ac.uk/fsl/](http://www.fmrib.ox.ac.uk/fsl){#ir0010}). All further analysis steps were identical in both processing pipelines.

DTI data were preprocessed using the diffusion toolbox of FSL. Automated batch processing of DTI data in FSL was performed using in-house software. Data was corrected for eddy currents and head motion. Then, skull stripping was performed using the Brain Extraction Tool. Diffusion Tensors were fitted to the data with DTIfit, and the resulting FA and MD maps were coregistered to the T1-weighted scans.

To correct for PVE caused by CSF in GM voxels, the CSF contamination model ([@bb0095]) was used as adapted by [@bb0075]:$$\exp\left( {- b\overline{D}\left( k \right)} \right) = \lambda_{\mathit{app} - \mathit{GM}}\left( k \right) \bullet \exp\left( {- b{\overline{D}}_{\mathit{GM}}\left( k \right)} \right) + \lambda_{\mathit{app} - \mathit{CSF}}\left( k \right) \bullet \exp\left( {- b{\overline{D}}_{\mathit{CSF}}\left( k \right)} \right)$$with $\overline{D}\left( k \right)\ $being the measured mean diffusivity at a specific voxel *k*, *λ*~*app* − *GM*~(*k*) and *λ*~*app* − *CSF*~(*k*) being the apparent signal fraction weightings of GM and CSF compartments, *b* being 1000 s/mm^2^ and ${\overline{D}}_{\mathit{csf}}$ being defined as a constant, 3.0 × 10^− 3^ mm^2^/s ([@bb0130]). The tissue probability maps obtained from the segmentation algorithm of the T1-weighted scans provided the apparent signal fraction weightings *λ*~*app* − *GM*~(*k*) and *λ*~*app* − *CSF*~(*k*) ([@bb0075]). Eq. [(1)](#fo0005){ref-type="disp-formula"} was solved for ${\overline{D}}_{\mathit{GM}}$ and applied to the coregistered MD maps. Potential WM partial volume effects were excluded by eliminating those voxels with a FA \> 0.2.

Coregistered PVE corrected and uncorrected MD maps were normalized to the aforementioned aging and AD-specific template by applying the deformation fields obtained for the T1-weighted scans. For voxel-wise analyses, preprocessed MD and GM maps were spatially smoothed using an 8 mm FWHM kernel.

2.4. Extraction of gray matter mean diffusivity and volume in regions of interest {#s0030}
---------------------------------------------------------------------------------

Left and right hippocampi as well as the posterior cingulate cortex (PCC) were chosen as regions of interest following the literature on peak differences in regional MD and volumes in AD ([@bb0025], [@bb0045], [@bb0145]). The Harvard-Oxford structural atlas ([@bb0030]) was warped from MNI space to the aging and AD-specific reference space using non-linear DARTEL transformation. This normalized atlas was used to provide anatomical labels for the examined ROIs. Only those voxels were included that had a gray matter probability of 50% or higher according to the individual normalized tissue probability map of the respective participant. Average regional MD values and volumes were then obtained for each subject using the normalized data.

2.5. Statistical modeling {#s0035}
-------------------------

Whole-brain voxel-wise comparisons were made using analysis of covariance (ANCOVA) models in SPM8, with diagnosis as factor and MRI protocol, age, gender and years of education as covariates. Voxel-wise effects were assessed at a statistical threshold of *p* \< 0.001, uncorrected. ROI based analysis of MD and volume was conducted using linear models in SPSS 21, with diagnosis as main outcome and the aforementioned covariates (ANCOVA). To determine the effect size of each factor in the ANCOVA, a partial eta^2^ was computed. Then, post-hoc *t*-tests were performed.

To compare the accuracy of group separation based on corrected and uncorrected regional MD and regional volume, logistic regression models including MRI protocol, age, gender and years of education as covariates were calculated using the *glm* function in R version 3.3.2 ([@bb0140]). The binary outcome to predict was the diagnosis (MCI vs. HC or AD vs. HC). Models were arranged to either contain volume, PVE corrected MD or uncorrected MD. To evaluate the diagnostic utility of the predictors in the logistic regression models, we calculated areas under the receiver operator characteristic curve (AUC) for each model and compared the AUC values using bootstrapped CIs (*N* = 5000, *pROC* package in R).

We used partial correlations calculated in SPSS to determine the correlations between regional MD and regional volumes, controlled for the covariates MRI protocol, age, gender and years of education. To compare the resulting correlations, the Williams\' test ([@bb0185]) for dependent correlations was used as implemented in the *Psych* package in R. A mediation analysis was performed to determine whether the relationship of GM MD and diagnosis was mediated by regional volume ([Fig. 1](#f0005){ref-type="fig"}). Separate mediation models were estimated for the diagnostic subgroups (MCI vs. HC or AD vs. HC) and for PVE corrected and uncorrected MD values. Age, years of education, gender and MRI protocol were included as covariates. Direct (c′) and indirect effects (a ∗ b) were calculated using the PROCESS tool for SPSS by [@bb0065], in which logistic regression models were applied for the prediction of diagnostic subgroup. Statistical significance of the direct and indirect effects was determined using bias-corrected bootstrapped confidence intervals (CI) with 10,000 repetitions and a CI of 95%.Fig. 1Mediation model.Fig. 1

To assess the sensitivity of our imaging variables (MD and volume) to the choice of segmentation and normalization algorithm, we correlated the imaging measures resulting from the SPM processing pipeline with the imaging measures resulting from the FSL pipeline. Also, we calculated the Pearson correlation of the AUCs resulting from logistic regression using the *SPM* imaging values with those resulting from logistic regression using the *FSL* imaging values. Thus, we could also determine the sensitivity of our results to the segmentation and normalization algorithm.

3. Results {#s0040}
==========

3.1. Sample {#s0045}
-----------

The diagnostic subgroups did not differ in age and gender but they did slightly differ in years of education (see [Table 1](#t0005){ref-type="table"}). As expected, the groups differed in MMSE scores with AD patients having the lowest scores and healthy controls having the highest scores.Table 1Sample characteristics.Table 1DiagnosisADMCIHealthy controls (HC)No. of participants (women)39 (21)39 (21)39 (21)Age, mean (SD)^1^74.3 (5.1)74.9 (5.5)73.3 (5.3)Years of education,\
mean (SD) ^2^11.8 (2.7)12.5 (2.8)13.2 (2.8)MMSE, mean (SD)^3^22.56 (4.8)26.92 (1.7)28.26 (1.0)[^1]

3.2. Whole brain voxel-wise analysis {#s0050}
------------------------------------

Without PVC, MD was elevated across wide parts of the cortex in AD patients compared to healthy controls ([Fig. 2](#f0010){ref-type="fig"}). When comparing MCI cases with healthy controls, increased MD was found in both hippocampi. After correcting for partial volume effects, MCI cases and healthy controls did not differ significantly in GM MD. The comparison of AD patients with healthy controls still yielded significant results, with elevated MD in both hippocampi, as well as in the middle and posterior cingulate cortex ([Fig. 2](#f0010){ref-type="fig"}).Fig. 2T-maps of voxel-wise comparisons between the diagnosis subgroups, controlled for age, gender, years of education and MRI protocol. *p* \< 0.001 (uncorrected), x = − 22.Fig. 2

3.3. Analysis of covariance (ROI based) {#s0055}
---------------------------------------

Main effects for diagnosis on MD were found in all three ROIs, regardless of PVC ([Table 2](#t0010){ref-type="table"}). Effect sizes were larger in uncorrected MD than in PVE corrected MD data. Post hoc tests revealed that the main effect of diagnosis was driven by the significantly increased MD in the AD subgroup compared to both healthy controls and MCI subjects. Even though mean MD values of the MCI group were numerically greater than in the HC group for all ROIs, none of these differences were statistically significant.

Main effects for regional volume were found in all ROIs and with similar effect sizes across ROIs. Post hoc tests showed that this effect was also mainly driven by decreased volumes in the AD group. However, a significant difference in the MCI group compared to the healthy controls was found for the left hippocampus volume ([Table 2](#t0010){ref-type="table"}).Table 2ROI Analysis of uncorrected and corrected MD values and volumes, controlled for age, gender, years of education and MRI protocol.Table 2Mean (SD)\
MD in mm^2^/s × 10^− 3^\
Volume in mlANCOVAADMCIHCF*p* (unc.)Partial eta^2^Post hoc t-tests, *p* \< 0.05Left hippocampusMD without PVC1.22 (0.13)1.15 (0.08)1.10 (0.08)14.61\< 0.0010.21AD \> MCI, AD \> HCMD with PVC1.05 (0.10)1.02 (0.072)0.99 (0.07)5.59\< 0.010.09AD \> HC\
AD \> MCI^†^Volume3.77 (0.67)4.44 (0.64)4.82 (0.51)30.16\< 0.0010.35AD \< MCI \< HCRight hippocampusMD without PVC1.26 (0.13)1.19 (0.07)1.15 (0.08)13.98\< 0.0010.23AD \> MCI, AD \> HCMD with PVC1.10 (0.09)1.07 (0.06)1.05 (0.06)4.9\< 0.010.08AD \> MCI^†^\
AD \> HCVolume2.40 (0.48)2.85 (0.38)3.02 (0.32)26.62\< 0.0010.33AD \< MCI\
AD \< HCPCCMD without PVC1.24 (0.16)1.14 (0.10)1.11 (0.09)19.68\< 0.0010.26AD \> MCI, AD \> HCMD with PVC1.05 (0.15)0.98 (0.10)0.95 (0.09)15.46\< 0.0010.22AD \> MCI, AD \> HCVolume11. 93 (1.16)13.51 (1.11)13.89 (1.29)28.38\< 0.0010.34AD \< MCI\
AD \< HC[^2]

3.4. Logistic regression models for ROIs {#s0060}
----------------------------------------

The results of the logistic regression models are shown in [Table 3](#t0015){ref-type="table"}. When discriminating MCI from HC, the models with bilateral hippocampal MD or volume yielded AUCs above chance, whereas the AUCs of the models containing MD or volume of the PCC did not exceed chance level. When comparing the AUCs of the different models per ROI, the differences of AUCs between those models containing uncorrected MD, corrected MD or volume were non-significant (*p* \> 0.05) in the MCI/HC subgroup.Table 3Results of the logistic regression analysis, controlled for age, gender, years of education and MRI protocol.Table 3DiagnosisROIPVCMDVolume*β*AUC \[95% CI\]*β*AUC \[95% CI\]MCI vs. HCLeft hippocampusWith PVC0.55^†^0.67 \[0.54, 0.78\]− 0.85\*\*0.72 \[0.60, 0.83\]Without PVC0.65\*0.69 \[0.56, 0.81\]Right hippocampusWith PVC0.460.64 \[0.51, 0.76\]− 0.62\*0.68° \[0.56, 0.80\]Without PVC0.73\*0.71 \[0.59, 0.82\]Posterior cingulate cortexWith PVC0.390.63 \[0.50, 0.75\]− 0.320.62 \[0.49, 0.74\]Without PVC0.390.63 \[0.50, 0.75\]AD vs. HCLeft hippocampusWith PVC1.07\*\*0.72 \[0.61, 0.83\]− 2.64\*\*\*0.90°° \[0.81, 0.96\]Without PVC1.89\*\*\*0.82°° \[0.72, 0.90\]Right hippocampusWith PVC0.92\*\*0.71 \[0.59, 0.82\]− 2.22\*\*\*0.87°° \[0.78, 0.94\]Without PVC1.65\*\*\*0.81°°° \[0.70, 0.90\]Posterior cingulate cortexWith PVC2.27\*\*\*0.81 \[0.70, 0.90\]− 2.23\*\*\*0.88° \[0.80, 0.95\]Without PVC2.54\*\*\*0.84°° \[0.74, 0.92\]AD vs. MCILeft hippocampusWith PVC0.450.61 \[0.48, 0.73\]− 1.40\*\*\*0.79°° \[0.69, 0.89\]Without PVC1.07\*\*0.72°°° \[0.60, 0.83\]Right hippocampusWith PVC0.410.57 \[0.44, 0.70\]− 1.29\*\*\*0.78°° \[0.67, 0.88\]Without PVC1.06\*\*0.71°°° \[0.59, 0.82\]Posterior cingulate cortexWith PVC1.81\*\*\*0.75 \[0.64, 0.86\]− 1.73\*\*\*0.84° \[0.75, 0.92\]Without PVC2.05\*\*\*0.79° \[0.68, 0.89\][^3][^4]

When discriminating AD from HC, all models yielded significant AUCs. Comparing the AUCs in this subgroup, the volume models yielded greater AUCs than the models with PVE corrected MD. Also, the PVE uncorrected MD models reached significantly greater AUCs than PVE corrected MD models.

In all diagnostic group comparisons, the AUCs were numerically greater for the models containing volume as a predictor than those with MD as a predictor, although the AUCs mostly did not differ significantly.

3.5. Correlation analysis (ROI based) {#s0065}
-------------------------------------

Partial correlations of regional MD values and volumes are shown in [Fig. 3](#f0015){ref-type="fig"}. In each diagnostic group and for all ROIs, the correlation between GM MD and GM volume was significantly higher in uncorrected data than in PVE corrected data (all *p* \< 0.001, Williams\' Test). In some cases, the correlations even became non-significant after PVC was applied. In the PCC, the differences in correlations before and after PVC were numerically smaller than the differences in both hippocampi (range of difference: 0.02 to 0.08 in the PCC and 0.16 to 0.39 in the hippocampi), indicating more severe PVEs in the hippocampus compared to the PCC. In the right hippocampus, the change in correlation was considerably higher in the MCI subgroup than in the AD and HC groups. However, this result could not be reproduced when a different segmentation and normalization algorithm was used (Fig. S2 in the Supplementary material).Fig. 3Partial correlations of uncorrected and corrected GM MD values with GM volume, controlled for MRI protocol, age, gender and years of education.The bars on the left always represent the MD values without PVC, bars on the right represent MD values with PVC.\*indicates significant differences of the partial correlations according to the Williams\' test, error bars show confidence intervals (95%) of correlation coefficients.Fig. 3

3.6. Mediation analysis {#s0070}
-----------------------

The results of the mediation analysis can be found in [Table 4](#t0020){ref-type="table"}. As indicated by the bootstrapped CIs, the indirect effect of regional volume was significant for the discrimination of AD vs. HC, whereas none of the direct effects of MD were significantly different from zero. When separating MCI from HC, a trend (90% CI) for an indirect effect could be found in the left hippocampus, equally for PVE corrected and uncorrected MD. Numerically, the indirect effects were greater for uncorrected MD than for corrected MD in the bilateral hippocampi, although the CIs clearly overlapped.Table 4Results of the mediation analysis, controlled for age, gender, years of education and MRI protocol.Table 4DiagnosisROIPVCDirect Effect (c′)\
*β* \[95% CI\]Indirect effect (a ∗ b)\
*β* \[95% CI\]MCI vs. HCLeft hippocampusWith PVC− 0.45 \[− 1.17, 0.28\]− 0.23^†^ \[− 0.73, 0.002\]Without PVC− 0.53 \[− 1.44, 0.38\]− 0.38^†^ \[− 1.09, 0.01\]Right hippocampusWith PVC− 0.46 \[− 1.24, 0.31\]− 0.17 \[− 0.56, 0.04\]Without PVC− 0.71 \[− 1.16, 1.06\]− 0.21 \[− 1.13, 0.31\]Posterior cingulate cortexWith PVC− 0.32 \[− 1.43, 0.79\]− 0.22 \[− 0.98,0.24\]Without PVC− 0.35 \[− 1.45, 0.74\]− 0.22 \[− 1.01, 0.33\]AD vs. HCLeft hippocampusWith PVC− 0.47 \[− 1.47, 0.54\]− 1.28\* \[− 2.43, − 0.44\]Without PVC− 0.68 \[− 1.9, 0.54\]− 1.75\*\[− 3.26, − 0.63\]Right hippocampusWith PVC0.35 \[− 0.55, 1.24\]− 1.44\* \[− 2.64, − 0.65\]Without PVC− 0.06 \[− 1.22, 1.10\]− 1.74\* \[− 3.72, − 0.42\]Posterior cingulate cortexWith PVC− 0.69 \[− 2.15, 0.76\]− 1.83\* \[− 3.32, − 0.66\]Without PVC− 1.04 \[− 2.52, 0.44\]− 1.52\* \[− 2.95, − 0.32\]AD vs. MCILeft hippocampusWith PVC− 0.02 \[− 0.65, 0.62\]− 0.51\* \[− 1.07, − 0.14\]Without PVC− 0.37 \[− 1.18, 0.44\]− 0.74\* \[− 1.41, − 0.18\]Right hippocampusWith PVC0.05 \[− 0.52, 0.61\]− 0.48\* \[− 0.97, − 0.15\]Without PVC− 0.27 \[− 1.07, 0.54\]− 0.77\* \[− 1.54, − 0.1\]Posterior cingulate cortexWith PVC− 0.23 \[− 1.52, 1.07\]− 1.61\* \[− 3.23, − 0.53\]Without PVC− 0.60 \[− 1.9, 0.70\]− 1.3\* \[− 2.73, − 0.33\][^5][^6]

3.7. Alternative segmentation and normalization (FSL) {#s0075}
-----------------------------------------------------

Detailed results can be found in the Supplementary material (Tables S2, S3 and Fig. S2). In sum, the Pearson correlations of the MD and volume values were moderate to strong (*r* = 0.54 to 0.85) with the correlation being the lowest in the PVE corrected MD values ([Table 5](#t0025){ref-type="table"}).Table 5Pearson correlations of the imaging values (MD and volume) resulting from the FSL and SPM processing pipelines.Table 5Left hippocampusRight hippocampusPCCMDWithout PVC0.74\*\*0.77\*\*0.85\*\*With PVC0.54\*\*0.59\*\*0.79\*\*Volume0.82\*\*0.82\*\*0.53\*\*[^7]

The Pearson correlation of the AUCs resulting from the respective processing pipelines (FSL vs. SPM) was *r* = 0.86, indicating a high overall consistency of the results of the logistic regression.

4. Discussion {#s0080}
=============

In the current study, we evaluated GM MD changes and their diagnostic utility in AD and MCI when considering partial volume effects. In line with our hypothesis, our results showed that partial volume correction led to a decreased size and number of significant clusters in voxel-wise comparisons when compared to uncorrected MD values. Similarly, in the ROI-based analyses, PVE corrected MD was significantly inferior in separating diagnostic groups compared to uncorrected MD and volume. Thirdly, we showed that the relationship of regional GM MD and diagnosis was significantly mediated by regional volume in AD and HC, and that the correlations between regional MD values and volumes in bilateral hippocampi and PCC were significantly reduced by PVE correction.

The higher correlations of volume with uncorrected MD compared to PVE corrected MD suggest that uncorrected MD values are confounded by atrophy effects resulting in CSF contamination of measured GM MD values. This finding underscores the necessity to correct for PVE if microstructural effects independently of atrophy are the outcome of interest. Our results are in line with a previous study by [@bb0075], analyzing the regional correlations between cortical thickness and MD in AD, older HC and young HC. Cortical thickness is a measure that is sensitive to changes in gray matter volume, especially cortical thinning ([@bb0070]). [@bb0075] found significant correlations of MD and cortical thickness in uncorrected data in all subgroups. These correlations decreased significantly in cognitively healthy older and AD participants when applying PVC. We found a similar pattern when examining correlations between regional GM MD and volume. However, other studies on GM MD in MCI that did not use PVE correction found no significant correlations between regional volumes and MD values ([@bb0045], [@bb0120]). Unfortunately, these studies did not report the correlation sizes because of nonsignificant *p*-values. Also, only zero order correlations were calculated without adjustment for age, gender or education. In our study, in the left hippocampus as well as in the PCC, the correlations between MD and volume were numerically - albeit not significantly - higher in AD subjects than in MCI subjects and higher in MCI than in HC subjects. This is in line with the findings that partial volume effects are more important in brains with stronger atrophy ([@bb0075]). However, the correlations in the right hippocampus were lowest in MCI subjects. As this effect could not be reproduced in the repeated analyses using a different segmentation and normalization pipeline (Fig. S2 in the Supplementary material), we assume that it is an artefact of the segmentation and normalization algorithm (VBM 8).

This is further supported by the fact that in the mediation analysis following the approach recommended by [@bb0065], volume was a significant mediator in the relationship between MD and diagnosis of AD vs. HC, regardless of PVC. In the left hippocampus, there was also a trend for this mediation on the group separation of MCI vs. HC. The findings of the mediation analysis, but also the strong correlation of GM MD and GM volume in healthy older subjects and subjects with MCI and AD suggest that changes in uncorrected MD values are largely explained by changes in brain volume in these populations. A strong correlation can be expected in MCI and AD, assuming that alterations of both MD and volume are caused by the same neurodegenerative process. However, the fact that the mediating effect of volume persisted after PVC had been applied could be due to brain atrophy that was already too advanced in these subjects to allow for a sufficient PVE correction. This would mean that MD value estimation would still partly be driven by CSF contamination.

Comparing the diagnostic accuracy of MD and volume, regional MD was not a better indicator for separating AD from HC than regional volume, as indicated by consistently larger AUCs for volume as a predictor. This finding contradicts some previous studies on regional gray matter MD and volume changes in MCI and AD subjects ([@bb0055], [@bb0085], [@bb0125]), but is in line with recent findings in an independent sample ([@bb0015]). As argued there, those studies that found hippocampal MD to be a better predictor for diagnosis or conversion than hippocampal volume did not control for gender, age and education. Also, the sample sizes were smaller than in this recent ([@bb0015]) and our current study. Considering the different ROIs, we found that the AUCs for both volume and MD of the left hippocampus were greater than those of the right hippocampus and of the PCC. This agrees with a meta-analysis that showed hippocampal asymmetry in MCI and AD cases ([@bb0165]).

From our findings, we would conclude that GM MD is not a more useful marker than volume of the hippocampus for detecting prodromal and clinical stages of AD. We showed that the changes in uncorrected GM MD values in MCI and AD patients largely reflect the macrostructural changes in regional brain volume. Although this resulted in a better diagnostic accuracy compared to the PVE corrected MD values, only PVE corrected GM MD values constitute a specific marker of microstructural changes over the course of AD. In contrast to later AD stages, however, one may expect that MD is a useful marker of a neurodegenerative process at very early disease stages that are not yet characterized by overt macrostructural brain atrophy, such as preclinical AD, i.e. cortical amyloidosis without clinical symptoms and limited GM atrophy ([@bb0040]). Also, findings in healthy older people support the assumption that MD may be more sensitive in healthy individuals without significant brain atrophy. [@bb0020] could show that left hippocampal MD was correlated with cognitive performance in cognitively normal older people. Although not correcting for PVE, they observed that hippocampal MD predicted cognitive performance more sensitively than hippocampal volume. Subsequently, it would be interesting to analyze the relationship of PVE corrected hippocampal MD and amyloid accumulation in preclinical AD.

As a limitation, the MCI subjects of our sample were not uniquely amnestic MCI. Thus, our sample is more heterogeneous than the MCI subgroups in other studies ([@bb0025], [@bb0055], [@bb0125], [@bb0160]). Second, in our study, we applied the previously validated CSF contamination model by [@bb0095]. However, if FLAIR DTI or DTI with more than one non-zero *b*-value had been available for the sample, DTI maps with suppressed CSF signal could have been obtained so that additional PVC would have been unnecessary ([@bb0085], [@bb0150]). Future studies should assess the impact of different PVC methods on the MD estimates. The approach by [@bb0150], [@bb0155] may be especially promising for clinical practice as it does not require additional scanning time.

In general, as the PVC method by Koo et al. directly uses the segmented maps resulting from VBM8, our results are potentially sensitive to the choice of segmentation and normalization algorithm. However, there was a high consistency of findings in PVE corrected MD data across segmentation/normalization approaches, underscoring the overall relevance of findings irrespective of the normalization or segmentation pipeline. Future studies should systematically evaluate the sensitivity of GM MD estimates to the choice of segmentation and normalization.

5. Conclusion {#s0085}
=============

Evaluating the diagnostic utility of GM MD in AD and MCI, we found that the effects of MD are being overestimated without PVC when using the PVC proposed by [@bb0095]. Therefore, when comparing groups with different levels of atrophy, correction for PVE is indispensable. However, when comparing the diagnostic utility of corrected and uncorrected regional MD to regional volume, regional MD was not superior to volume in separating the potentially prodromal and the clinical stages of AD from matched healthy controls. Future studies need to test whether PVE-corrected MD may be more useful at the preclinical stage of AD.
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[^1]: ^1^*F*(2,114) = 0.92, *p* = 0.4, ^2^*F*(2,114) = 2.61, *p* = 0.08, ^3^ *F*(2,114) = 39.18, *p* \< 0.001.

[^2]: ^†^ Post hoc comparisons revealed a trend (*p* \< 0.1).

[^3]: Standardized regression weights (*β*) resulting from logistic regression analysis. The confidence intervals of the area under the receiver operator characteristic curve (AUC) were calculated using bootstrapping.

[^4]: Asterisks (\*) indicate significance of the standardized regression weights (\*\*\**p* \< 0.001, \*\**p* \< 0.01, \**p* \< 0.05, ^†^*p* \< 0.1¸). Circles (°) indicate significantly larger AUCs compared to the AUC of the MD~PVC~ model, determined using bootstrapping (°*p* \< 0.1, °°*p* \< 0.01, °°°*p* \< 0.001). None of the other AUCs differed significantly.

[^5]: \* The 95% CI does not include zero.

[^6]: ^†^ the corresponding 90% CI does not include zero.

[^7]: \*\* *p* \< 0.01.
